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ABSTRACT. Wide band-gap perovskites such as methylammonium lead bromide are interesting 
materials for photovoltaic applications due to their potentially high open-circuit voltage. However, 
the fabrication of high quality planar films has not been investigated in detail for this material. We 
report a new synthesis approach for the fabrication of bromide based perovskite planar films based 
on the control of the deposition environment. We achieve dense layers with large and perfectly 
oriented crystallites of 5-10 microns in size. Our results show that large crystal sizes can only be 
achieved for smooth ITO substrates, whereas lateral perovskite crystal growth is limited for the 
rougher FTO substrates.  We additionally correlate photocurrent and perovskite crystal properties 
in photovoltaic devices and find that this parameter is maximized for ordered systems with internal 
quantum efficiencies approaching unity. Hence, our work not only gives a new pathway to tune 
morphology and crystal orientation, but also demonstrates its importance for planar perovskite 
solar cells. 
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Perovskite based solar-cell development has been very impressive with power conversion 
efficiencies already exceeding 20 % after only a few years of development.1 This fast development 
can be attributed to the excellent properties of the perovskite material, mainly its very high 
absorption coefficient2 and long charge carrier diffusion length.3-4 Furthermore, the perovskite 
material is easy to process from solution, with no high temperature steps required.5 Although 
alternatives based on the exchange of iodide for bromide are interesting for applications in 
multijunction and photoelectrochemical devices, their fabrication has not been studied in detail.6-9 
Bromide-based compounds are interesting since they exhibit a wider bandgap of approximately 
2.3 eV and thus can achieve much higher values compared to the iodide counterpart.6, 8  
To date, the most efficient devices employing methylammonium lead bromide (MAPbBr3) 
utilize a mesoscopic titania scaffold as the electron extraction layer.6, 8 However, a planar 
architecture provides higher flexibility for device optimization, multijunction construction and 
thus can be employed in a wider variety of applications.10-11 The main challenges for planar 
heterojunction solar cells, which we will focus on, are the perovskite film coverage, grain size and 
crystal orientation.12  
Recent studies have highlighted the importance of the perovskite morphology, which determines 
to a large extent the performance of the final device.13 In particular, further understanding of the 
crystallization processes has been the driving force behind the recent impressive device 
performance improvements in the iodide perovskite system.14-17 Thus, a wide variety of deposition 
techniques has been developed, such as the fast deposition-crystallization procedure, vapor-
assisted solution process, or the interdiffusion of solution-processed precursor stacking layers, 
respectively.13, 18-19 To improve the solar cell performance in the bromide perovskite system, a 
similar improvement in morphology is expected to be necessary.  
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Recently, we have highlighted the importance of perovskite crystal orientation in the 
performance of the assembled devices.20 A higher degree of preferential orientation of the 
crystallites in the perovskite film generally leads to higher device photocurrents and more 
reproducible solar cells overall.20 Therefore, further understanding on the crystallization process 
for the bromide system will not only provide a path to enhanced performance with higher voltages 
of this system, but will also give insights applicable to other hybrid halide perovskite structures. 
In this work, we introduce a new synthesis approach for MAPbBr3 and incorporate this material 
into a planar device structure.  We achieve extended control over crystallization such that the 
perovskite film exhibits densely packed and highly-ordered grains with crystallite sizes between 5 
and 10 µm. We present the first grazing-incidence wide angle X-ray scattering (GIWAXS) 
investigation of the MAPbBr3 perovskite and the highest orientation of the crystallites in a 
perovskite film ever reported for this family of materials. Such highly-ordered crystallites, in 
combination with the perovskite film quality in solar devices, maximize the charge collection 
efficiency leading to internal quantum efficiencies of over 95%.  
In order to understand the impact of morphology and crystal orientation of methylammonium 
lead bromide based solar cells, we have prepared films via the state-of-the-art spin-coating the 
PbBr2 and MABr precursors from γ-butyrolactone:dimethylsulfoxide solution (BD),8 vapor-
assisted solution process (VASP)18 and via spin-coating from a lead acetate precursor, which we 
have termed controlled solvent drying (CSD). To deposit the perovskite via the state-of-the-art 
process, referred to as BD from here on, we spin-coated the perovskite from the precursor solution 
and added toluene during the spin-coating process with a subsequent heating step.8 The deposition 
steps for the VASP technique are illustrated in the Supporting Information Figure SI1. In this case, 
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an initial lead bromide layer is deposited directly on TiO2-coated ITO substrates and afterwards 
converted to the perovskite phase with methylammonium bromide (MABr) vapor.18  
 
 
Figure 1: Schematic illustration of the perovskite-layer synthesis approach via CSD.  
 
In Figure 1 we show a schematic illustration of the deposition-route via the CSD process. Our 
approach involves two stages wherein the solution of Pb(Ac)2 and MABr precursors is spin-coated 
in a nitrogen-rich environment and is annealed under a glass cover. Here, we find that control of 
the solvent atmosphere during the whole crystallization process is crucial to maximize crystal size. 
In particular, films undergo gentle solvent annealing during the 3 minute spin-coating process as 
a result of the solvent coating the walls of the spin-coater. To achieve high-quality films, excess 
of solvent in the spin-coater must be removed between samples. Exposure to too much solvent or 
traces of alcoholic solvents such as methanol lead to secondary nucleation and inhomogeneous 
films, as shown in Supporting Information Figure SI5. 
In Figure 2a, c, e we illustrate the morphology of the perovskite films prepared via VASP which 
has been shown in previous studies to achieve high performance when employed in solar cells.7, 21 
This morphology is comparable with the state-of-the-art films deposited on a mesoporous scaffold 
with full surface coverage and grain sizes of approximately 1 µm, and is similar to that achieved 
for the iodide system.18, 21 On the other hand, films deposited via the CSD method are very smooth 
and also achieve full surface coverage with large crystals between 5 and 10 µm, as shown in 
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Figure 2 and Supporting Information Figures SI3 and SI4. We have also prepared films through 
the BD process, as shown in the Supporting Information Figure SI2. In this case, the crystal sizes 
are very small, in the range of 100 nm.8  
 
Figure 2: SEM top-view and cross-sectional images of MAPbBr3 perovskite-film a, c, e) deposited 
on a TiO2/ITO substrate by VASP, and b, d, f) deposited on TiO2/ITO by spin-coating with a lead 
acetate precursor. 
 
We attribute the full surface coverage and large grain size to our newly developed synthesis 
approach, which results in improved control over the crystallization of the perovskite. Low volatile 
solvents, such as dimethylformamide (DMF) are good candidates to grow large crystals at 
temperatures around 100 °C. However, achieving perovskite films with full surface coverage is 
challenging.22-23 In our developed CSD method Pb(Ac)2 and MABr react to form the perovskite 
structure and the excess organic components react to form methylammonium acetate, methylamine 
and acetic acid. All the expected organic components formed during the reaction are liquid at room 
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temperature which keep the films wet during the process. This in turn likely allows a certain degree 
of precursor mobility, and enables the very large and highly oriented crystal growth observed in 
the final films. Further evidence that this is the case is given by the structurally related 
formamidinium lead halide perovskite (FAPbX3). Here, a solid formamidinium acetate salt is 
formed, and thus the films completely dry within the spincoating step. In turn this results in the 
formation of a non-continuous perovskite film with large voids between the crystals (see 
Supporting Information Figure SI3).  
 
 
 
Figure 3: a) XRD patterns normalized to the reflex at 2 ϑ = 14.9 °, perovskite-film prepared via 
CSD and via VASP and the theoretical pattern, b) 2D GIWAXS patterns of the sample produced 
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via CSD ((001) and (101) peaks are marked in red and white, respectively. The data are corrected 
as outlined in the experimental section.), c) schematic illustration of the crystal orientation of the 
perovskite film prepared via CSD and disorder of the film prepared via VASP, d) 2D GIWAXS 
pattern of the sample produced via VASP.  
 
To further investigate the crystalline quality of the films with the large domains, X-ray 
diffraction (XRD) experiments were performed for both CSD and VASP derived films. The X-ray 
patterns, shown in Figure 3a, confirm for both films a phase-pure MAPbBr3 compound crystallized 
in the cubic 𝑃𝑚3̅𝑚 structure type. However, most of the reflections for the CSD sample are not 
present, which indicates a high degree of crystal orientation. A good tool to fully determine this 
parameter is grazing incidence wide-angle X-ray scattering (GIWAXS) which captures a two-
dimensional slice through reciprocal space, allowing the reconstruction of the crystal structure and 
extraction of information on the orientation of the crystal planes from the azimuthal intensity 
distribution.24-25 In Figure 3b and 3d we show GIWAXS data for VASP and CSD derived 
perovskite films. For VASP films, very homogeneous rings with no pronounced peaks are found. 
This implies no preferential orientation of the crystallites in the perovskite film. In contrast, films 
fabricated via the CSD process show very intense Bragg peaks and no rings. This implies that all 
crystallites are very well oriented with the {001} planes parallel to the glass substrate. This is 
remarkable for a thin polycrystalline film processed from solution. The orientation distribution is 
shown schematically in Figure 3c. We suggest that such a high degree of order is derived from the 
pre-crystallization step in the presence of a solvent layer on top. We note that a similar effect was 
observed for the iodide system when an ionic liquid was used to crystallize the perovskite.26   
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To correlate the effect of morphology and crystal orientation with the solar cell performance, we 
prepared devices with the developed perovskite layer in the standard device configuration, 
employing TiO2 and Spiro-OMeTAD as the charge extraction layers, as shown schematically in 
Figure 4a. To exclude variations in the optical absorption of the films due to different perovskite 
film thicknesses, we have fixed this value for both techniques to 350 nm. The corresponding 
photovoltaic performance for perovskite films deposited via CSD and VASP is shown in Figure 
4b, and the data are summarized in Table 1. In general, the performance of devices employing 
VASP-derived films is lower compared to those employing CSD-derived films. In Figure 4c, 4d 
and in Supporting Information Figure SI7 we show the distribution of the photovoltaic 
performance for the fabricated devices. The difference in device performance may arise from the 
different crystallization processes of the film leading to disparities in perovskite surface and in 
defect density. However, the VASP technique leads to the highest performance reported,21 thus we 
expect the amount of defects to not be the major factor behind the variation in device performance.  
Here, devices employing perfectly oriented perovskite films, derived via the CSD process, 
exhibit photocurrents between 6 and 7 mAcm-2, which is twice the average value found for devices 
employing non-oriented perovskite crystals, prepared via the VASP process. We note that the 
theoretical limit for the short-circuit current extracted from light absorption measurements on 
devices is 7.15 mAcm-2 which implies an internal quantum efficiency of over 95% (c.f. Figure SI6 
in the Supporting Information).  
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Figure 4: a) Scheme of the regular solar cell layout and energy diagram, b) J-V curves under AM 
1.5 solar irradiation conditions for solar cell employing MAPbBr3 derived from CSD or  VASP 
processes, c) photocurrent and d) efficiency box plots of 20 devices employing VASP- or CSD-
derived perovskite films. The edges of the box represent the 25/75 percentile, while the horizontal 
line represents the median value. Whiskers represent minimum and maximum values. 
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Table 1: Photovoltaic performance data of devices employing CSD- or VASP-derived perovskite 
films. 
Method  VOC / 
V 
JSC /     
mA cm-2 
FF / 
% 
PCE / 
% 
CSD 1.38 6.60 67 6.08 
VASP 1.26 5.05 62 4.00 
 
To further understand the differences in crystalline quality between films obtained from the CSD 
process and VASP derived films, we performed time-correlated single photon counting (TCSPC) 
to obtain the lifetime of the photoexcited species. Recent investigations showed that time resolved 
photoluminescence (PL) measurements yield not only important information about the diffusion 
length of the photoexcited species in the devices but also correlate with the perovskite layer 
morphology. In particular, larger crystals present narrower band gaps and longer lifetimes, which 
points towards a smaller radiative bimolecular recombination coefficient.27 Our results presented 
in Figure SI6 agree with these findings, since we also observed a red shift of the steady-state PL 
maximum for the CSD-derived sample with respect to the BD- and VASP-derived sample. We 
also observed a slower bimolecular recombination process for films prepared with CSD, which is 
a strong indicator for good crystalline quality with fewer defects and lower disorder compared to 
BD- and VASP-derived films.28-29  
The higher current for our CSD-derived films may be a result of either their larger crystal size, 
or their enhanced crystal order, as compared to those deposited via the VASP technique. In order 
to investigate this further, we have prepared devices with the rougher bottom contact FTO. This 
enhanced surface roughness hinders horizontal crystal growth and reduces the domain sizes in the 
perovskite layer, leading to crystal sizes comparable to those derived with the VASP approach, as 
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shown in Figure SI8 in the Supporting Information. However, these films maintain their high 
degree of orientation with the (001) plane parallel to the substrate, allowing us to discriminate 
between effects arising from the crystal size or the crystal orientation. We show histograms of all 
photovoltaic parameters in Figure SI9 in the Supporting information. Here, we observe that the 
short circuit current is not affected by the crystal size of the films, leading us to postulate that the 
degree of crystal order in the film is the parameter affecting the short circuit current. This may be 
a result of a lower number of defects at the grain boundaries as all neighboring crystals exhibit the 
same facets with the same orientation. 
In summary, we have studied the role of morphology and crystal order in the photovoltaic 
performance of MAPbBr3 deposited via three different deposition techniques. We developed a 
new fabrication method based on solvent drying with a halide-free lead precursor controlling the 
crystallization atmosphere. Here, the reaction of the precursors yields liquid organic by-products 
at RT which enable large crystal growth with perfectly oriented crystal planes parallel to the 
substrate as shown by GIWAXS measurements. Our results show that large crystal sizes can only 
be achieved for smooth ITO substrates, whereas perovskite films on FTO result in crystals limited 
to hundreds of nanometers due to the enhanced surface roughness which limits horizontal growth. 
In addition, we examined the role of perovskite crystallite orientation in planar heterojunction solar 
cells by comparing non-oriented VASP-derived films with our newly developed oriented CSD-
derived films. We show that this perfect alignment of the cubic crystal planes parallel to the 
substrate of the CSD-derived film leads to a reproducible and high device performance. 
Additionally, we show enhanced short circuit currents approaching 7 mAcm-2, their theoretical 
limit, compared to non-oriented VASP-derived perovskite films. The photocurrents generated in 
these devices correlate with the degree of crystal orientation rather than the crystal size. Thus, this 
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work demonstrates that crystal orientation and morphology are key parameters to maximize the 
short-circuit current and thus the performance of perovskite solar cells. 
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